A complex propriospinal network is synaptically coupled to phrenic and intercostal motoneurons, and this makes it difficult to predict how gray matter intraspinal microstimulation (ISMS) will recruit respiratory motor units. We therefore mapped the cervical and high thoracic gray matter at locations which ISMS activates diaphragm (DIA) and external intercostal (EIC) motor units. Respiratory muscle electromyography (EMG) was recorded in anesthetized female spinally intact adult rats while a stimulating electrode was advanced ventrally into the spinal cord in 600 μm increments. At each depth, single biphasic stimuli were delivered at 10-90 μA during both the inspiratory and expiratory phase independently. Twenty electrode tracks were made from C2-T1 at medial and lateral gray matter locations. During inspiration, ISMS evoked DIA and EIC activity throughout C2-T1 gray matter locations, with mutual activation occurring at 17 ± 9% of sites. During inspiratory phase ISMS the average latency for DIA activation was 4.40 ± 0.70 ms. During the expiratory phase, ISMS-induced DIA activation required electrodes to be in close proximity to the phrenic motoneuron pool, and average activation latency was 3.30 ± 0.50 ms. We conclude that appropriately targeted ISMS can co-activate DIA and EIC motor units, and endogenous respiratory drive has a powerful impact on ISMS-induced respiratory motor unit activation. The long latency diaphragm motor unit activation suggests the presence of a complex propriospinal network that can modulate phrenic motor output.
Introduction
Intraspinal microstimulation (ISMS) of gray matter is a technique in which microwires are placed into the spinal cord and microampere electrical currents are used to activate spinal neurons. ISMS was pioneered as a potential treatment following spinal cord injury (SCI) or other central nervous system injury. The method can directly produce forelimb (Moritz et al., 2007; Nishimura et al., 2013; Sunshine et al., 2013; Zimmermann and Jackson, 2014) or hindlimb movement (Giszter et al., 1993; Lemay and Grill, 2004; Mushahwar et al., 2000; Tresch and Bizzi, 1999) and can also trigger neuroplasticity associated with restoration of limb function McPherson et al., 2015) . ISMS has also been used to restore autonomic function following SCI in humans (Nashold et al., 1981) .
A particular advantage of ISMS is that selectively placed microwires can activate intraspinal networks (Jankowska and Roberts, 1972) which produce coordinated or "synergistic" patterns of muscle activation (Mushahwar et al., 2002; Sunshine et al., 2013) . These synergies have also been termed "motor primitives" that enable co-active muscle groups to be recruited simultaneously (Overduin et al., 2014) . ISMS can also activate entire motor pools via activation of sensory afferent neurons (Gaunt et al., 2006) and has the distinct advantage of evoking natural recruitment order (Mushahwar and Horch, 1998) and activating fatigue resistant muscle fibers (Bamford et al., 2005) . Collectively, the literature establishes that ISMS can effectively activate forelimbs and hindlimbs, in coordinated patterns of muscle activation. To date, however, the impact of ISMS on respiratory muscle activation has not been systematically evaluated throughout the cervical and high thoracic cord regarding co-activation. Prior work establishes that intraspinal stimulation in the mid-to high cervical spinal cord can evoke robust phrenic motoneuron and/or diaphragm activation (Fuller et al., 2003; Ling et al., 1995; Mercier et al., 2017) , but to our knowledge, the ability of intraspinal stimulation to activate multiple respiratory motor pools using low (microampere) currents has not been rigorously evaluated across the cervical and high thoracic spinal cord.
Application of ISMS for respiratory motoneuron activation must consider several unique features of the spinal respiratory networks. Foremost, the spinal cord contains a dense population of propriospinal neurons, many of which are synaptically coupled to respiratory circuits including phrenic and intercostal motoneurons (Billig et al., 2000; Cregg et al., 2017; Lane et al., 2008; Lipski and Duffin, 1986; Marchenko et al., 2015) . In the thoracic spinal cord, neurophysiological studies establish that interneurons can relay medullary inspiratory drive to intercostal motoneurons (de Almeida and Kirkwood, 2013; Merrill and Lipski, 1987) . Mid-cervical interneurons are also synaptically coupled to phrenic motoneurons (Lane et al., 2008; Lois et al., 2009) , and can modulate phrenic motor output (Cregg et al., 2017; Marchenko et al., 2015; Sandhu et al., 2015) . In regards to ISMS, the salient point is that activation of propriospinal neurons may be an effective way to recruit respiratory motoneurons (Cregg et al., 2017; DiMarco and Kowalski, 2013 ) Activation of propriospinal neurons may be more effective at co-activating multiple spinal respiratory motor pools vs. direct motoneuron stimulation. Another fundamental consideration is that spinal respiratory motoneurons receive a volley of excitatory synaptic inputs during the inspiratory phase, and are actively inhibited during the expiratory phase (Berger, 1979; Merrill and Fedorko, 1984; Sears, 1964) . Thus, the ability of ISMS to activate respiratory motoneurons, either directly or through interneuronal networks, is likely to vary with the phase of the endogenous respiratory cycle.
Our primary purpose was to systematically map the cervical (C2-C7) and high thoracic (T1) gray matter locations at which ISMS could activate spinal respiratory motoneurons. In doing so we tested three hypotheses. Our first two hypotheses derived from observations that inspiratory phrenic motoneuron activation appears to occur primarily via monosynaptic inputs (Lee and Fuller, 2011) , whereas inspiratory intercostal motoneuron activation may involve a propriospinal relay (Kirkwood et al., 1988; Saywell et al., 2011) We therefore hypothesized that ISMS would most readily activate diaphragm motor units at short latencies consistent with monosynaptic inputs to phrenic motoneurons, and that activation of external intercostal motor units would be most prominent at longer latencies. Our third hypothesis was based on the work of Berger and others (Berger, 1979; Hayashi and Fukuda, 1995) demonstrating active inhibition of phrenic motoneurons during the expiratory period. We therefore hypothesized that the impact of ISMS on respiratory muscle activation would vary across the respiratory cycle. In cases of complete spinal transection injuries, concerns regarding phase-dependence of ISMS would be moot; however, most spinal injuries are functionally incomplete and even ventilator dependent individuals with spinal cord injury can have residual synaptic input to respiratory motoneurons (McDonald et al., 2002) . Thus, we directly compared the impact of ISMS during the inspiratory vs. expiratory phase on respiratory motor unit activation.
The work focused on two primary inspiratory muscles, the diaphragm (DIA) and external intercostal (EIC), with a major emphasis on locating ISMS locations that could activate both muscles. We also recorded from an accessory respiratory muscle that typically does not exhibit rhythmic respiratory activity, the sternocleidomastoid (SCM). The sternocleidomastoid was included to determine if ISMS sites that activated primary respiratory muscles could also activate accessory respiratory muscles.
Methods

Overview
ISMS was delivered between the second cervical (C2) and the first thoracic (T1) segment (Fig. 1A, B) and evoked respiratory muscle activity was recorded in six adult female Long-Evans rats (267 ± 21 g). Somatotopic maps of ISMS-evoked responses were obtained during the inspiratory phase and the expiratory phase of the respiration cycle. Ten stimuli were delivered during both the inspiratory and expiratory phase at each of five amplitudes ranging from 10 to 90 μA in steps of 20 μA (Fig. 1D-F) . Prior to the ISMS procedure, respiratory muscles were injected with fluorescently conjugated wheat germ agglutinin (WGA) to determine the relationship between the anatomical location of the Fig. 1 . Experimental set-up. A) Rodent respiratory anatomy including schematic of spinal innervation to key respiratory muscles. EMG recording electrodes were placed in the Diaphragm (DIA), External Intercostal (EIC) and Sternocleidomastoid (SCM) muscles. B) Dorsal view of the exposed spinal cord. Gray circles indicate the position where each of the 20 stimulation tracks began on the dorsal surface of the spinal cord in an example animal. C) Coronal view illustrating electrode tracks (dashed lines) and stimulus locations (red circles). Stimulus paradigm. D) Diaphragm EMG prior to the start of stimulation. E) Diaphragm EMG is rectified and integrated with a sliding-average window. For each stimulation site, there was a 50% probability of first triggering stimulation during either inspiration or expiration. F) Ten stimuli delivered at 10-90 μA in steps of 20 μA. After all stimulus intensities are delivered during one phase of respiration, stimulation is then delivered during the opposite respiratory phase at each intraspinal location. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) motoneurons and the locations with which they can be activated with ISMS. Animals were housed in a photo-shifted room (12 h dark, 12 h light; lights off at 10 am and on at 10 pm) and surgeries began at 8:23 am ± 1.81 h (mean ± SD). All procedures were approved by the University of Washington Institutional Animal Care and Use Committee.
Surgical procedure-wheat germ agglutinin injection
Three days prior to the ISMS mapping procedure, rats were anesthetized with either an intraperitoneal injection of ketamine (80 mg kg − 1 ; Pfizer) and xylazine (10 mg kg − 1 ; Lloyd) or 2% isoflurane. Small incisions were made in the skin over the sternocleidomastoid and rostral intercostal muscles. Additionally, the pectoralis muscle was incised to allow for a more accurate injection of 2.5% WGA (25-50 μl; reconstituted in 0.9% saline). WGA was conjugated to AlexaFluor 555 or 594 and injected into the sternocleidomastoid and external intercostal respectively. An injection of 2.5% WGA conjugated to AlexaFluor 488 (ThermoFisher Scientific W11261) was administered intrapleurally to label the motoneurons of the diaphragm (Buttry and Goshgarian, 2015) . Muscles and skin were sutured in layers and buprenorphine (0.05 mg kg ) was administered to suppress sensation during anesthesia and recovery.
Surgical procedure-mapping
Three days after WGA injection, rats were anesthetized with intraperitoneal injections of ketamine (80 mg kg − 1 ; Pfizer) and xylazine (10 mg kg
; Lloyd). Supplemental doses of ketamine were given as needed to maintain a stable plane of sedation throughout the procedure. Hydration was maintained with 0.9% saline solution delivered subcutaneously (Baxter). All surgical procedures were performed on a water recirculating heating pad to maintain body temperature.
An incision was made on the dorsal surface through the skin, and muscles overlying cervical segments C1-C7 and the thoracic segments T1-T2 were dissected away from the vertebral columns and lamina. A right hemi-laminectomy was performed from C2-T1 which exposed 13.7 ± 1.2 mm (mean ± SD) of the spinal cord. The dura was incised to permit electrode insertion without dimpling of the dorsal spinal cord surface (Fig. 1B) . Separate incisions were made in the skin in order to place bipolar electromyography (EMG) electrodes in the sternocleidomastoid (SCM) and external intercostal (EIC). An additional incision was made through the skin and rectus abdominus to access the costal region of the diaphragm (DIA). EMG wires consisted of 50 μm tungsten wires (A-M systems; 797,500). Electrode placement was verified by observing regular synchronized bursting of the inspiratory muscles diaphragm and external intercostal during breathing with no phasic activity of the sternocleidomastoid ( Fig. 2A) . A final incision was made on the ventral surface in the skin to access the trachea. A tracheotomy was then performed which allowed for ventilation with oxygen (100%) during the mapping procedure which consisted of ISMS delivered in 20 tracks throughout the cervical and high thoracic spinal cord.
Intraspinal microstimulation mapping
Stimuli were delivered using a single epoxy coated tungsten microelectrode (part number: UEWSFESEBN3F; impedance 300-500 kΩ; Fred Haer) positioned by a stereotaxic manipulator (Kopf Instruments) mounted on a custom spinal fixation frame. Constant current stimuli consisted of a single symmetric biphasic square-wave pulse with a duration of 300 μs per phase. Current returned through a distant bare wire electrode placed under the skin above the hindquarters. Stimulation was delivered with an analog stimulus isolator (model 2200; A-M systems) controlled by 1401 Power3 (Cambridge Electronic Design) using custom Spike2 software. Stimulus amplitudes ranged from 10 to 90 μA in increments of 20 μA. A total of ten stimulation pulses at each of the five amplitudes were produced during inspiration and expiration, with the order of delivery randomized ( Fig. 1D-F) . To reduce bias associated with the duration of the procedure, the starting positions of ISMS tracks were randomized in the anterior -posterior and medial-lateral directions between each animal.
The exposed C1-T2 spinal cord was measured and divided into an evenly spaced 10 × 2 grid. This resulted in ten uniformly spaced stimulation sites along the rostrocaudal axis from C1-T2. At each of these sites, 2 locations were stimulated, designated as medial (0.5 mm from spinal midline) and lateral (1.0 mm from midline). Electrodes were advanced ventrally from the surface of the spinal cord in increments of 600 μm to a total depth of 2400 μm and 1800 μm for the medial and lateral tracks, respectively (Fig. 1C) . The order of each stimulation track was randomized prior to the mapping procedure for each animal. This approach enabled an unbiased and reproducible "mapping" of responses to electrical stimulation along the extent of the cervical and high thoracic spinal cord. Based on published descriptions of the "transition points" between spinal cord segments in the rat (Padmanabhan and Singh, 1979) we estimate that the 10 stimulation sites (i.e., in the 10 × 2 grid) were: mC2, rC3, rC4, cC4, cC5, cC6, cC7, mC8, mT1, mT2 (m = middle, r = rostral, c = caudal). Throughout the text, when segments are mentioned (e.g. C2) this refers the vertebral bones, not the spinal segments, as those were not directly assessed in this procedure.
EMG recording
ISMS-evoked electromyography (EMG) was recorded using a differential amplifier (A-M systems 1700). Data were digitized using a 16 channel data acquisition unit (1401-Power3) and custom Spike2 acquisition software. Integrated diaphragm EMG activity was used to trigger stimulation during either expiration or inspiration, and an example of this is shown in Fig. 1 . EMG data were recorded at 20,000 samples per second and analog band-pass filtered between 300 and 20,000 Hz and saved to disk for offline filtering and analysis (see Data Analysis section).
Tissue slicing and image processing
At the conclusion of the mapping procedure, animals were euthanized with an intraperitoneal injection of beuthanasia (200 mg kg − 1 ) and transcardially perfused with saline followed by 10% formalin. A fiducial mark was made at the center of the C2 vertebral bone to standardize the comparison between electrophysiological data and histology. Tissue was post-fixed overnight in 10% formalin then placed in 30% sucrose for cryoprotection. Spinal cord tissue from all animals was sliced (60 μm) in the coronal plane, using a cryostat (Leica CM1850). Coronal sections were photographed using an inverted widefield microscope (LEICA DM IRB/E) with a 10 × primary objective. Images were processed using custom MATLAB software where slice and graywhite borders were traced and motoneurons were manually identified. There was an average of 753 ± 172 μm between analyzed sections.
Data analysis
Evoked muscle activity was l-pass filtered at 5 kHz to remove extraneous frequencies and anti-alias the data which was then compiled into stimulus triggered averages (StTAs, Fig. 2B -C) using custom MA-TLAB software (The MathWorks). Sweeps with significant EMG response were identified and the amplitude of and time to response were quantified . A significant EMG response in the StTA was defined as an event starting after the resolution of the stimulus artifact that crossed a threshold greater than ± 50 μV for longer than 1 ms .
Data pooling
We stimulated at 5 medial depths and 4 lateral depths at each of the 10 coordinates along the C2-T1 rostro-caudal axis. Within each individual animal the percentage of sites (out of the 90) that elicited an evoked potential for each muscle was determined and an average across all animals was created by standardizing the location on the 10 × 2 spinal cord grid (Fig. 3) . The relative likelihood of activating a given muscle or pair of muscles was determined by calculating the percentage of the nine possible stimulus sites at each segmental location that produced the particular activation pattern (Fig. 4) . This was calculated within each animal and then averaged between animals to form the contours in Fig. 4 . These contours do not represent the lowest possible stimulus current to activate any muscle but rather the lowest stimulus current to produce the muscle represented in the contour.
The amplitude of the evoked response was calculated at the lowest stimulus current to produce an evoked response. This was done for all sites within an animal where an evoked response could be elicited. Evoked response amplitude was then averaged within and between animals (Fig. 5) . The onset of ISMS induced muscle activation was Fig. 2 . Example EMG traces and stimulus triggered averages. A) Electromyography recordings from the sternocleidomastoid (SCM), external intercostal (EIC), and diaphragm (DIA) muscles showing stimulation during inspiration (open arrowhead) and expiration (closed arrowhead). B) Expanded stimulus triggered average of evoked responses in the diaphragm when stimulation was delivered during inspiration illustrating that the evoked response was easily discernible from the background activity. Dashed line indicated threshold. C) Stimulus triggered averages (StTAs) reveal the dynamic excitation during inspiration (light colors) compared to expiration (dark colors) for the DIA and EIC. Arrow indicates the delivery of the single pulse ISMS stimulus. Fig. 3 . ISMS-evoked respiratory muscle activation & co-activation. A) Stimulus locations activating respiratory muscles during inspiration (left) and expiration (right) at the lowest stimulus current to elicit EMG activity in a representative animal, the center of the vertebral bones is noted along the x-axis. Colors denote individual muscles or combinations of muscles. Abbreviations as in Fig. 2B-D) EMG response observed as a percentage of the total sites tested at the lowest current to elicit EMG activity in any muscle (mean + SEM). Each figure displays the type of muscle activity or coactivity during inspiration ('I'; light shading) and expiration ('E'; dark shading). ‡ denotes p < 0.1, * denotes p < 0.05. Diaphragm (DIA), External Intercostal (EIC) and Sternocleidomastoid (SCM). measured as the duration from stimulus to response, and was determined at each of the stimulus locations. This was assessed for each muscle and then averaged across animals (Fig. 6 ).
Statistics
All statistical analyses were performed in MATLAB or in GraphPad Prism 7. A Lilliefors test was used to determine if the data sets were normally distributed. For data that were not normally distributed, a Wilcoxon rank-sum test was used to determine significance. Normally distributed data were tested using a Student's t-test. When data were collected using the same amplitude stimulation a paired Student's t-test was used . Synaptic delays were analyzed using an ordinary two-way analysis of variance (ANOVA); Individual comparisons were performed with Fisher's Least Significant Difference (LSD) post hoc test. Activation onsets for each muscle group were analyzed using an ordinary one-way analysis of variance (ANOVA), and individual comparisons were performed with Fisher's Least Significant Difference (LSD) post hoc test. All values stated in text are mean ± standard deviation (SD) unless otherwise noted.
Results
Impact of electrode location and respiratory phase on ISMS-induced respiratory muscle activation
A representative map of ISMS locations from a single animal is presented in Fig. 3A . Note that the anatomical locations at which ISMS activated a particular muscle tended to cluster together across multiple segments. Independent muscle activation (i.e., without any co-activation) occurred at a relatively low number of locations, and was more likely to occur during expiratory vs. inspiratory phase ISMS (Fig. 3B) . Overall, significantly more sites elicited independent muscle activation during expiratory (25 ± 8%) compared to inspiration-triggered ISMS (18 ± 4%; p = 0.03). In contrast, activating two muscles via a single ISMS pulse (i.e., co-activation) was more likely to occur during the inspiratory phase (51 ± 12% of sites) as compared to the expiratory phase (25 ± 11%; p < 0.001). The mean co-activation data are shown in Fig. 3C . Note that significantly greater co-activation of all muscle pairs occurred during inspiratory vs. expiratory stimulation. We also observed a considerable number of ISMS locations at which no muscle activation could be evoked, and as shown in Fig. 3D this was more prominent during expiration when approximately 50% of locations failed to evoke muscle activity. The average stimulation threshold to evoke a response ranged from 46 to 55 μA and this value was not different between muscles, nor was it altered by the respiratory phase (two-way ANOVA interaction p = 0.4492).
Maps showing the rostrocaudal distribution of ISMS locations that produced muscle activation across all animals are shown in Fig. 4 . During inspiration-triggered ISMS, selective activation of diaphragm motor units occurred at locations throughout the cervical and high thoracic spinal cord, but was more likely to occur in the mid-cervical region (light shading in Fig. 4A, top panel) . During expiration-triggered stimulation, selective diaphragm activation was rare unless the electrodes were placed in the immediate vicinity of the phrenic motoneuron pools (i.e. C3-4 vertebral segments, dark shading in Fig. 4A, top panel) . In comparison to the diaphragm response, the ability to selectively activate the external intercostal and sternocleidomastoid muscles was less sensitive to the respiratory phase (Fig. 4A , middle and bottom panels; note the overlap between light and dark shading). However, as with the diaphragm, the probability of selectively activating each of these muscles increased with proximity to the respective motoneuron pool.
The rostrocaudal distribution of ISMS locations at which a single pulse produced respiratory muscle co-activation are shown in Fig. 4B . Co-activation of diaphragm and external intercostals was evoked at locations from C2-T1, with a tendency to occur more often at C3-C4 (Fig. 4B, top panel) . There was a strong impact of the respiratory cycle on co-activation of these two muscles (Fig. 4B , compare light and dark shading). The external intercostal and sternocleidomastoid were coactivated at ISMS locations from C2-T1, and there was relatively little impact of the respiratory cycle on this response (Fig. 4B, middle panel) . showing the likelihood of co-active muscle activation via ISMS, the average location of each vertebral bone is noted on the x-axis. Light contours represent the activation likelihood during inspiration whereas dark contours depict activation during expiration. Note: each contour represents the lowest stimulus intensity which activated the muscle. Diaphragm (DIA), External Intercostal (EIC) and Sternocleidomastoid (SCM).
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Co-activating the sternocleidomastoid and diaphragm was more likely to occur during inspiratory phase ISMS, and at locations rostral to C5 (Fig. 4B, lower panel) . We also examined the impact of respiratory phase on the amplitude of ISMS-evoked EMG compound action potentials (Fig. 5) . These comparisons of peak-to-peak EMG amplitude (see Fig. 2B -C for example waveforms) were made using the minimum ISMS current that was necessary to activate each muscle. Inspiratory-and expiratory phase comparisons were made at each of the electrode positions (Fig. 5A) . A location was excluded from further analysis if a response could not be evoked at relatively low currents (≤ 90 μA; which was the maximum current used in this study, to reduce the spread of current away from the location of the tip of the electrode) during inspiration-triggered stimulation. With these guidelines, inspiratory phase ISMS activated the external intercostal at 51 ± 11% of stimulus locations, and the diaphragm responded at 41 ± 24% of sites. As shown in Fig. 5B , both of these muscles had a substantial decrease in evoked potential amplitude when ISMS was delivered during the expiratory phase. Specifically, during expiration the diaphragm evoked response decreased by 76 ± 18% (p = 0.002), and the external intercostal response decreased by 68 ± 24% (p = 0.01, Fig. 5B ). The sternocleidomastoid could be activated at 37 ± 8% of the sites tested during the inspiratory phase, but there was no apparent impact of the respiratory cycle on this response (Fig. 5B) . Fig. 6 shows the shortest latency between delivery of the ISMS pulse and the subsequent evoked respiratory muscle EMG response; these latencies were then averaged between animals. The shortest latencies observed along these curves were consistent with direct motoneuron activation (Gustafsson and Jankowska, 1976) , and occurred at locations close to the spinal ventral roots innervating the respective muscles. There was no impact of the respiratory cycle on onset latency for any of the three muscles tested (compare open vs. filled symbols in Fig. 6 ). Diaphragm onset latency tended to be shorter when the electrode was in the mid-cervical cord, but no statistically significant differences in latencies were detected across the cervical and high thoracic spinal cord (Fig. 6, top panel) . The external intercostal onset latency was greater when stimulation was applied at the three most rostral locations in the cervical spinal cord (Fig. 6 , middle panel, p < 0.009). Sternocleidomastoid onset latency tended to be lower when ISMS was applied rostral to C6, but this was not statistically significant (Fig. 6, lower panel) .
Activation latency
Histological verification of motoneuron distribution relative to microwire placement
The spinal cord location of each motoneuron pool was histologically confirmed using retrograde neuronal labeling as shown in Fig. 7 . These experiments were completed to validate the conclusions regarding placement of the ISMS electrodes in relation to each of the three Fig. 5 . Amplitude of muscle activation at inspiratory stimulus threshold. A) Individual activations between inspiration ('I') and expiration ('E') are connected by lines. Individual animals are indicated by different symbols. B) Average muscle activation for inspiration and expiration (mean + SEM) are significantly different for the principal respiratory muscles (DIA and EIC) but not for the accessory muscle (SCM), * denotes p < 0.05. Diaphragm (DIA), External Intercostal (EIC) and Sternocleidomastoid (SCM).
respective pools (e.g. , Figs. 4, 6, 8 ). Sternocleidomastoid and external intercostal motoneurons were labeled by intramuscular WGA injection. For phrenic motoneuron labeling, WGA was delivered to the intrapleural space to target the diaphragm (Buttry and Goshgarian, 2015; Mantilla et al., 2009) .
Based on morphological appearance and location of the labeled neurons, we conclude that spinal cord WGA labeling was restricted to motoneurons and did not occur in segmental interneurons (Fig. 7A-D) . That observation is consistent with a prior study of spinal cord intact rats using WGA tracing (Buttry and Goshgarian, 2015) . Retrograde transsynaptic transport of WGA did occur, however, with brainstem labeling observed in 2 of 6 rats following external intercostal tracing, 3 of 6 rats following sternocleidomastoid tracing, and 3 of 6 rats following diaphragm tracing (Table 1) . Consistent with a prior report, brainstem WGA labeling was noted in the nucleus ambiguous following diaphragm application (Buttry and Goshgarian, 2015) .
WGA labeling of sternocleidomastoid motoneurons was observed across the length of the ventro-lateral cervical spinal cord with peak labeling 4-6 mm rostral to the center of C2 (Fig. 7E) . Intrapleural injections resulted in clear phrenic motoneuron labeling in the mid-cervical cord, but the distribution of labeled cells extended slightly into the high thoracic spinal cord (fewer than 2 cells per segment) as previously reported (Buttry and Goshgarian, 2015) . However, as shown in Fig. 7E the vast majority of WGA labeled cells were located between C4 and C5 confirming the location of the phrenic motor nucleus (Buttry and Goshgarian, 2015; Goshgarian and Rafols, 1981; Lane et al., 2008) . Following external intercostal application, WGA labeled motoneurons were observed in the low cervical cord (C6) through the rostral thoracic (T1) spinal cord (Fig. 7E) . A scaled map showing the spinal cord distribution of WGA labeling for each motor neuron pool is provided in Fig. 7G .
Supplemental analyses
The latencies of all recorded evoked responses (n = 3187 across all experiments) are summarized in Fig. 8 . The histogram plot in Fig. 8A indicates a multi-modal distribution of activation latency with the earliest detectable EMG responses occurring 1.2 ms after the stimulus. The latency distributions were next used to classify the activation of individual muscles during inspiratory- (Fig. 8B ) and expiratory-phase ISMS (Fig. 8C) . During inspiration, the average number of short latency (< 2.6 ms) diaphragm activations was relatively low. The greatest number of diaphragm activations occurred at latencies ≥3.9 ms (Fig. 8B) . In contrast to the diaphragm, both the external intercostal and sternocleidomastoid were more likely to be activated at latencies ≤ 2.5 ms (Fig. 8B) . Fig. 9 provides a representative map showing the rostrocaudal distribution of the onset latency of ISMS-induced muscle activation from one experiment. Note the profound contrast between diaphragm activation during inspiratory vs. expiratory phase ISMS (Fig. 9, top panel) . This example also illustrates that the ISMS coordinates associated with short latency activation of the sternocleidomastoid and external intercostal aligned closely with the respective location of the motoneuron pool for each muscle (Fig. 9) these locations are based on the stereotaxic coordinates, and we cannot rule out a certain amount of current spread throughout the tissue. 
Discussion
Our results show that ISMS during spontaneous breathing can coactivate the diaphragm and external intercostal muscles, and therefore has promise as a potential respiratory neuroprosthesis. Co-activation of these potentially synergistic muscles did not require electrode placement in discrete regions, but rather could be induced at locations throughout the cervical cord. In addition, both the co-activation patterns and motor unit potential amplitude were substantially different during inspiratory-versus expiratory ISMS. Thus, the phase of the respiratory cycle must be taken into account during ISMS. Evaluation of ISMS electrode location relative to motor unit activation latency suggests the presence of a complex propriospinal network that can modulate respiratory motor output as proposed by prior authors (Cregg et al., 2017; Kirkwood et al., 1988; Lane et al., 2008) .
Impact of respiratory phase on motor unit activation
Our results demonstrate the importance of considering the respiratory phase when using electrical stimulation to activate respiratory circuits. Since phrenic motoneurons are actively inhibited during expiration (Berger, 1979) , we predicted that there would be a difference in the amplitude of the ISMS evoked response across the respiratory cycle. As expected, stimulating in phase with inspiration activated more motor units in the external intercostal and diaphragm (e.g., Fig.4B top panel, light vs. dark regions). In addition, an important functional consideration is that inspiration triggered ISMS produced more co-activation of these potentially synergistic muscle groups.
Another point of consideration is that long latency diaphragm activations -consistent with polysynaptic pathway activation -were more prominent when ISMS was delivered during the inspiratory versus the expiratory phase. The respiratory phase dependence of these longlatency activations may reflect more than just inspiratory-expiratory oscillations in phrenic motoneuron excitability (Berger, 1979) . Respiratory-related bursting patterns are often reported in cervical interneurons (Duffin and Iscoe, 1996; Hayashi et al., 2003; Hilaire et al., 1986; Lane et al., 2009; Palisses and Viala, 1987; Sandhu et al., 2015; Streeter et al., 2017b ) and at least a portion of these cells can have direct input from the ventral respiratory group in the medulla (Duffin and Iscoe, 1996) . Thus, oscillations in the excitability of the cervical propriospinal network, and specifically increased excitability during the inspiratory phase, may enable polysynaptic activations during inspiratory ISMS.
ISMS as a possible respiratory neuroprosthesis
Optogenetic stimulation has been previously investigated as a method of central nervous stimulation system to modulate respiratory volume/frequency in awake rats (Burke et al., 2014; Kanbar et al., 2010) . ISMS provides an alternative, as electrical stimulation can be delivered via relatively simple circuits and fully-implanted systems (Troyk et al., 2012) . Additionally, the tight temporal precision of ISMS makes it an ideal intervention for closed loop stimulation (McPherson et al., 2015; Nishimura et al., 2013; Zimmermann and Jackson, 2014) . Other types of electrical spinal stimulation (epidural) have been investigated in particular for the activation of intercostal muscles; these methods may also provide alternatives to diaphragmatic pacing, however, these approaches require separate electrodes for intercostal and diaphragm activation (DiMarco et al., 1987; DiMarco et al., 2004) . Clinical closed loop electrical stimulators already exist for disorders such as epilepsy (Sun and Morrell, 2014) , and custom multi-channel stimulators are under development (Yi-Kai Lo et al., 2016 ) that will expand the potential to deliver ISMS for a range of conditions following CNS injury.
Our data also indicate that respiratory phase specific stimulation could be incorporated into diaphragmatic pacing strategies if endogenous respiratory drive is partially maintained (e.g., after incomplete cervical spinal cord injury). In this case, stimulation putatively delivered to the muscle, acts via depolarizing the nerve to evoke muscle contractions. In fact diaphragm pacing is only effective if the phrenic nerve and phrenic motor pool are intact (Onders et al., 2009) . Future use of ISMS to activate respiratory circuits in a synergistic and context-dependent manner may provide functional activation of respiratory muscles and aid in ventilator weaning (Levine et al., 2008; Smuder et al., 2016 ). Importantly, current diaphragmatic pacers are largely open loop systems and do not have the ability to leverage the Fig. 7 . Coronal images of WGA labeled motor neurons. Coronal sections from spinal segments T5 (A) and C5 (B) depict EIC and DIA motor neurons. Sections from spinal segments C4 (C) and C2 (D) illustrating the location of DIA and SCM motor neurons. Locations are as expected based on established anatomy. WGA labeling was pseudo-colored to match previous figures rather than intrinsic fluorophore. Summary of WGA-labelled motor neuron locations. E) Motor neuron labeling of SCM (red), DIA (blue), and EIC (green) displayed in a top down longitudinal view from an example animal. 'cc' indicates location of central canal, the location of each vertebral bone is noted on the x-axis spanning the region that was investigated with intrapsinal microstimulation. F) 2D contour of the average WGA labeling across all animals (N = 6). Neuron counts were averaged across 2 mm of tissue, the average location of each vertebral bone is noted on the x-axis. G) Coronal view from the same animal. Outlines indicate gray matter and spinal border for each segment superimposed Diaphragm (DIA), External Intercostal (EIC) and Sternocleidomastoid (SCM). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
phase-dependent information which may enhance their effect when coupled with ISMS.
Spinal networks and ISMS
Many research groups have suggested that propriospinal networks can regulate respiratory motoneuron output (Cregg et al., 2017; Hudson et al., 2017; Lane et al., 2008) , and we therefore evaluated the latency between ISMS and respiratory muscle activation to provide indirect evidence of synaptic connectivity. Factors such as variability in EMG electrode placement and/or ISMS electrode placement will impact the latency data. However, by pooling > 3000 evoked responses, we were able to evaluate the latency data in a manner that at least partially mitigates these influences. Evaluating the large number of evoked responses revealed a multi-modal distribution of the latency data (e.g., Fig. 8) . If the contribution of each potential synapse is estimated to bẽ 1.3 ms (Borst et al., 1995; Borst and Sakmann, 1996; Meinrenken et al., 2003) , the multi-modal distribution suggests the presence of direct, mono-, di-and polysynaptic activation of motoneurons during ISMS (see x-axis on Fig. 8A ). The longer latency activations are consistent with prior reports indicating that ISMS preferentially activates spinal motoneurons via polysynaptic interneuronal pathways (Gustafsson and Jankowska, 1976; Jankowska and Roberts, 1972) .While we did not directly measure synaptic connectivity in the spinal cord, we feel this analysis is informative, particularly in light of the rapidly increasing interest in spinal interneurons and activation of respiratory motoneurons (Cregg et al., 2017; Fuller, 2017; Hudson et al., 2017) .
Diaphragm motor unit activation at latencies below 2.6 ms occurred only when ISMS electrodes were in close proximity to the phrenic motor pool. Inspiratory phrenic motoneuron depolarization appears to be primarily driven by monosynaptic, excitatory bulbospinal inputs (Ellenberger and Feldman, 1988; Ellenberger et al., 1990) , and ISMS activation of these pathways is likely to account for these short latency diaphragm activations (e.g., Fig. 8B ). Across all experiments, we observed only a relatively small number of short latency diaphragm activations. In contrast, ISMS at sites throughout the cervical cord produced diaphragm activation at latencies > 3.9 ms. These longer latencies are consistent with activation of polysynaptic excitatory pathways (Borst et al., 1995; Borst and Sakmann, 1996; Meinrenken et al., 2003) . Polysynaptic spinal activation of phrenic motoneurons is plausible since both neurophysiological (Marchenko et al., 2015; Sandhu et al., 2015; Streeter et al., 2017b) and anatomical data (Dobbins and Feldman, 1994; Lane et al., 2008; Lois et al., 2009 ) have shown mid cervical interneurons which are synaptically coupled with the phrenic motor pool. There is currently relatively little evidence, however, that cervical interneurons convey brainstem "respiratory drive" to phrenic motoneurons during spontaneous breathing (Duffin and Iscoe, 1996) . It is worth emphasizing, however, that conclusions in this regard have been drawn almost exclusively from studies of anesthetized and immobile experimental animals. Data from humans (Butler et al., 2014; Hudson et al., 2017) as well as recent multi-electrode recordings in animals (Sandhu et al., 2015; Streeter et al., 2017a) raise the possibility of a propriospinal contribution to respiratory-related control of phrenic motoneurons. Another possibility is that rather than conveying respiratory drive, the propriospinal network primarily functions to coordinate the activation of the diaphragm with other muscles (e.g., intercostal, trunk muscles) during breathing and/or postural movements (Bellingham, 1999; Decima et al., 1967) . Indirect support for this hypothesis comes from studies showing that intercostal muscle activation can alter phrenic activity (Bellingham, 1999; Remmers, 1973) and also anatomical studies confirming that cervical interneurons can be synaptically linked to both the intercostal and phrenic motor pools (Lane et al., 2008) . Collectively, our results confirm that diaphragm and external intercostal muscle co-activation occurs at ISMS locations throughout the cervical spinal cord, and the latency data are consistent with the possibility that activation of polysynaptic spinal networks can drive diaphragm recruitment.
In regards to somatotopy, a prior study in primates surprisingly failed to identify a clear relationship between cervical ISMS location and the pattern of forelimb activation (Moritz et al., 2007) . In contrast, a clear spatial relationship between motoneuron recruitment and stimulus location was identified in our subsequent study of ISMS and forelimb muscles in rats ). In the current study, there was not a strict somatotopy per se, but nevertheless a clear Table 1 WGA labeling in the nucleus ambiguus. WGA labeling from at least one of the injected muscles was observed to have been retrogradely transported to the nucleus ambiguus in five of the six rats. Muscles are intercostal (IC), sternocleidomastoid (SCM) and diaphragm (DIA). Experimental Neurology 302 (2018) 93-103 relationship existed between the location of the ISMS electrode and the evoked responses. For example, the clusters of activation shown in Fig. 3A aligned with the expected somatotopic organization of the motoneuron pools as shown by prior data (Buttry and Goshgarian, 2015; Lane et al., 2008) and the WGA tracing data reported here. Somatotopy was less apparent for polysynaptic activation of phrenic motoneurons, as these pathways were activated throughout the cervical spinal cord (e.g., Fig. 9 ).
Conclusion
We report the first comprehensive mapping of ISMS locations in the cervical and high thoracic spinal cord and the associated evoked respiratory muscle responses. Our findings demonstrate that respiratory phase is a fundamentally important consideration when designing ISMS protocols and suggest ISMS-induced activation of polysynaptic spinal pathways can effectively recruit inspiratory muscles. These data will inform the development of implanted devices not only for neuroprosthetics to drive ventilation after neurologic injury, but also for ISMSbased approaches for targeted neuroplasticity to restore endogenous function. While not directly addressed here, spinal cord stimulation shows promise as a therapeutic modality following spinal cord injury McPherson et al., 2015) . Similar applications of ISMS to promote plasticity and rewiring of the respiratory circuits have exciting potential to modernize treatments for neurological disorders affecting ventilation.
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